INTRODUCTION
To develop adequate medical countermeasures, there is an urgent need to understand the extent and mechanisms of injury that may occur in vital organs such as the heart after radiation exposure from a terrorist attack or from a nuclear power plant accident. In any of these radiation/nuclear incidents, children would likely account for a significant portion of the affected population. However, the extent to which radiation exposure affects the heart of children is poorly understood.
In children, radiation exposure of the heart to 15 Gy or more increases the relative hazard of developing cardiac disease 2-to 6-fold compared with nonirradiated individuals (1) . The risk factors for cardiac disease can also be detected at higher rates in survivors of cancer treatment during childhood, compared with their siblings (2) . Risk factors for cardiac disease are also increased in young adults treated with hematopoietic stem cell transplantation after total body irradiation (TBI) during childhood (3) . Evidence that TBI may be a risk factor for cardiac disease also comes from longitudinal studies of the Japanese atomic bomb survivors. In this population, mortality from cardiac disease was significantly increased after more than 40 years after singledose entire-body exposure of 1-2 Sv (4, 5) .
The impact of TBI on late injury to a child's heart has not been appreciated until recently (6) . In developing a model to study the late effects of radiation on the child's heart, a TBI dose was selected that was survivable if hematopoietic lethality was avoided. The rationale for using a dose of 10 Gy was that this dose has a high relevance after radiation/ nuclear incidents, and because exposure to this dose poses risks of serious health effects, yet survival is possible with medical support (7) . In these studies, it was demonstrated that a single exposure to 10 Gy TBI in the immature (5-week-old) WAG/RijCmcr rat, representative of a pediatric population, increases serum total cholesterol, LDL cholesterol and triglycerides, all of which are biomarkers for an increased risk of cardiac disease. Hypercholesterolemia is associated with morphological injury to the vascular endothelium resulting in vessel stenosis, a decreased density of smaller diameter coronary vessels and a decrease in ventricular function at 120 days after TBI. Mechanical cardiac injury is manifest as a decline in the global radial and circumferential left ventricular strain (6) .
In a radiation/nuclear incident, partial or whole body radiation exposure, rather than exposure of a single organ such as the heart, would be the most likely consequence. Moreover a previous study has shown that 10 Gy, thoraciconly irradiation, did not result in hypercholesterolemia, or cardiac morphological and ventricular mechanical dysfunction over at least 240 days (6) . Injury to the heart after irradiation appears to be indirect, with effects in nonthoracic organs causing (or exacerbating) an increase in risk factors for cardiac disease, injury to the coronary vasculature and ventricular dysfunction (6) . While, this concept has not been conclusively demonstrated, if confirmed, countermeasures that target injury to nonthoracic organs may be effective in decreasing injury to the heart.
The kidney is a radiosensitive abdominal organ susceptible to the development of nephropathy with hypertension, proteinuria and azotemia after irradiation (8, 9) . Data suggest that renal dysfunction may be part of the mechanism responsible for the increased risk for heart disease after TBI in adults (10) . The intestines occupy the majority of the abdomen and are also known to be susceptible to injury after irradiation (11) . However, the role of the kidneys and the intestines in the mechanisms that underlie TBI-induced late injury to the heart in children is not known. We hypothesize that radiation-induced injury to the heart is indirect and mediated by radiation injury to the lower hemi-body organs. The corollary to our hypothesis is that shielding of the kidney or intestines at the time of irradiation will prevent increases in risk factors for heart disease after radiation. Clinical studies have shown that shielding of the kidneys as part of 14 Gy total body irradiation protocol, in preparation for bone marrow transplantation, decreases the incidence of late renal dysfunction in adults (12) , and demonstrates the ability of local shielding to limit radiation injury in this organ. However, the effectiveness of kidney shielding prior to irradiation in children and its impact on the development of heart disease has not been examined.
The objective of the present study was to determine whether TBI-induced increases in the risk factors for cardiac disease and the occurrence of cardiac disease are direct or indirect.
METHODS AND MATERIALS

Experimental Animals
Young, 7-to 8-week-old, male WAG/RijCmcr rats were maintained on sterilized rat chow and water ad libitum in a moderate-security barrier facility at the Biomedical Resource Center of the Medical College of Wisconsin (MCW), Milwaukee, WI. The drinking water supplied to the rats was further purified by reverse-osmosis and then chlorinated, but not acidified. Animal care was in accordance with NIH guidelines. The Animal Care and Use Committee at MCW approved all protocols.
Irradiator and Dosimetry
Irradiation was performed with 320 kVp orthovoltage X rays from an X-RAD 320 X-ray unit (Precision X-ray Inc.). The radiation dosimetry has been described in detail previously (13) . The dose rates for the total body (TBI), upper hemi-body (UHB) and lower hemibody (LHB) irradiation studies were 1.73, 1.66 and 1.66 Gy/min, respectively. The dose rate for the studies involving local kidney shielding was 1.71 Gy/min. The dose rates for the studies involving an exteriorized intestine, comprising LHB irradiation with sham surgery, LHB irradiation with the exteriorized intestines irradiated, LHB irradiation with the exteriorized intestines shielded, or irradiation of the exteriorized intestines with LHB shielded were 1.60, 1.64, 1.55 or 1.38 Gy/min, respectively.
Total Body and Partial Body Irradiation Experimental Design
Rats (n ¼ 9/group) received TBI, UHB or LHB irradiation with a single dose of 10 Gy carried out with a posterior-anterior field. Shamirradiated rats (n ¼ 9) served as controls. The diaphragm was used to identify the dividing line between the upper hemi-body and the lower hemi-body irradiations. The need to use bone marrow transplantation, which was used in a previous study (14) , was avoided by shielding (the bone marrow) in one leg. This had no effect on the progression of cardiac injury. Rats were irradiated and maintained in the barrier facility throughout the study. The start of the study was defined as the time rats were irradiated or sham treated.
Kidney Shielding Experimental Design
Animals were immobilized in acrylic plastic jigs that allowed irradiation with parallel-opposed lateral fields that included both kidneys (15) . To shield the kidneys, a customized 6 mm thick, lead plate was placed in the beam line at the anatomic location of the kidneys. Its correct positioning was confirmed using a PaxScan 2520V Amorphous Silicon Digital X-Ray Imager (Varian), attached to X-RAD 320 X-ray unit to capture images of the exposed field ( Fig. 2A) . Rats (n ¼ 5-8/group) received TBI with a single dose of 10 Gy with or without kidney shielding. Sham-irradiated rats served as controls.
Intestinal Exteriorization Experimental Design
Rats were anesthetized using a combination of ketamine (30 mg/kg i.p.) and pentobarbital (30 mg/kg i.p.). In some groups, a laparotomy was performed and the intestines, from the proximal duodenum to the distal descending colon, were then temporarily exteriorized and could be either irradiated or shielded from a single dose of 10 Gy using a customized 6 mm thick lead plate. The exteriorized intestines were placed inside a saline soaked 10 3 10 mm gauze sponge, preheated to body temperature to prevent desiccation and hypothermia during the irradiation period. Anesthetized rats were placed on their left side and received either LHB irradiation with sham surgery (n ¼ 6), LHB irradiation with the exteriorized intestines irradiated (n ¼ 6), LHB irradiation with the exteriorized intestines shielded (n ¼ 6) or irradiation of the exteriorized intestines with LHB shielded (n ¼ 6). In rats where a laparotomy was performed, the intestines were then reinserted into the abdomen and the incision closed using removable surgical clips. The rats were allowed to recover and the surgical clips were removed 24-48 h later. All anesthetized rats were placed on a heating blanket to maintain normothermia (378C) throughout surgery, irradiation and recovery. One control group of anesthetized rats received sham irradiation with sham surgery (n ¼ 4) and another group of conscious rats received sham irradiation (n ¼ 4).
Feces Collection and Processing for Quantitative PCR
The rats were housed in groups during this study and to collect feces, individual rats were simply removed from their cage and 248 LENARCZYK ET AL.
handled gently. This nearly always promoted the elimination of fecal material, which was then freshly collected. Fresh fecal pellets were obtained from each rat prior to (day 0) and at days 2, 4, 7 and 14 postirradiation. Pellets were homogenized in 1 ml PBS and 200 ul of the homogenate were used for microbial DNA isolation using the QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA). Isolated DNA samples were subjected to quantitative PCR using an iCycler (BioRad, Hercules, CA) for microbial population enumeration. The PCR reaction mixture consisted of 50% iQ SYBR Green Supermix (BioRad), 0.4 lM forward and reverse primers and 3.8% template solution in RNase/DNase free water. The forward (F) and reverse (R) 16S rRNA primer pair Uni515F (GTGCCAGCMGCCGCGGTAA) and Ent826R (GCCTCAAGGGCACAACCTCCAAG) was used to quantify the Proteobacteria taxon (16) . Genomic DNA from Escherichia coli were obtained from the American Type Culture Collection and used as standards.
Lipid Profile
Blood was taken at the time of irradiation and then at 20-120 days after TBI, UHB irradiation, LHB irradiation, TBI with the kidneys shielded and at 20-70 days after LHB irradiation with the intestines shielded, and from sham-irradiated rats. To sample blood, the rats were briefly anesthetized with isoflurane/oxygen and blood collected from the retro-orbital plexus. Serum was then analyzed for lipid levels [total cholesterol, low density lipoprotein (LDL) cholesterol, high density lipoprotein (HDL) cholesterol and triglycerides] (Dynacare Laboratories, Milwaukee, WI).
Kidney Function
Blood was taken at the time of irradiation and then at 20-170 days after TBI, UHB irradiation, LHB irradiation, TBI with the kidneys shielded and at 20-170 days after LHB irradiation with the intestines shielded and from sham-irradiated rats. Serum was then analyzed for blood urea nitrogen (BUN) and creatinine levels (Dynacare Laboratories).
Histology
To evaluate tissue damage at 120 days after TBI, UHB irradiation and LHB irradiation, compared with sham-irradiated rats, the entire heart (n ¼ 3) and liver (n ¼ 3) was fixed in formalin (10% v/v), embedded in paraffin, and 5 lm thick sections cut from each block and stained with hematoxylin and eosin (H&E) or Masson-trichrome according to standard methods. Ten sections from each heart and liver were evaluated.
Morphometric Analysis
Sections of the left ventricular of the heart (n ¼ 3/group) were analyzed in a blinded fashion. Randomly selected images of tissue were acquired using a Nikon Plan Fluor 403/0.75 objective lens mounted on a Nikon E-55i microscope fitted with a Nikon DS-Fi1 camera and saved as 24-bit RGB images in TIFF format. Perivascular fibrotic changes in 20-30 fields containing coronary vessels, 2-50 lm in diameter for each heart were quantified using MetaMorph image analysis program version 7.7.0.0. (Molecular Devices, Downington, PA). On calibrated images, the areas of both the vessel lumen and the perivascular space were measured by planimetry. Planimetry determined the true area of the coronary vessel, thereby eliminating errors that may have been caused by compression and collapse. The area of fibrosis, per luminal area, was then calculated for each coronary vessel accessed. The resultant data was then averaged per animal and then grouped by treatment for statistical analysis. The average microvasculature fibrosis was expressed as percentage collagen per lumen area for each image.
Cardiac Echocardiography
Left ventricular systolic function was assessed using two dimensional strain echocardiography after TBI, UHB irradiation and LHB irradiation, and compared with sham-irradiated rats (n ¼ 5/group) after 120 days. The operator was double blinded with respect to treatment allocation. An echocardiograph Vivid 7 (General Electric, Waukesha, WI) was used with a M12L (11-MHz) linear-array transducer. Closedchest imaging was performed in the short-axis view at the mid-LV level (level of papillary muscles). The image depth was 2.5 cm and acquisition was at 236 frames/s with electrocardiographic gating (17) .
Echocardiography Image Analysis
The echocardiography images were processed using EchoPAC Q analysis software (General Electric). The method has been described previously (17) . Briefly, the endocardial border was manually traced at end-systole by an experienced operator blind to treatment assignment and the software then automatically selected 6 equidistant tissuetracking regions of interest in the myocardium. The outer border was adjusted to approximate to the epicardial border. The software provided a profile of the radial (myocardial deformation towards the center) and circumferential (myocardial deformation along the curvature) strain (expressed as %) with time. End systolic radial and circumferential strain were obtained for each of the 6 segments and global strain calculated from the average of the values. Three consecutive heartbeats were measured and the average used for analysis.
Statistical Analysis
All values were expressed as the mean 6 standard deviation (SD). For the lipid and kidney function as well as echocardiography analysis, statistical significance was determined by performing a oneway analysis of variance using a Bonferroni's multiple comparison as the post hoc test (18) . The Student's t test was used to find significant differences among variables in the qPCR data. Significance was attributed to those groups that had a P , 0.05.
RESULTS
Total vs. Partial Body Irradiation and Risk Factors for Cardiac Disease
At intervals of !60 days after TBI or LHB irradiation, there was a significant increase in total cholesterol, LDL cholesterol and triglycerides compared with those rats receiving UHB radiation alone and the sham-irradiated controls (Fig. 1) . The profile of changes for all three of these risk factors for cardiac disease was very similar for rats receiving either TBI or LHB irradiation (Fig. 1) . At 120 days after irradiation, the levels of total cholesterol and LDL cholesterol declined slightly, but not significantly, in rats subjected to LHB irradiation relative to TBI. However, elevated levels of triglycerides had declined after 120 days in both TBI and LHB irradiated rats. BUN levels were significantly and progressively increased from 60 days after both TBI and LHB irradiation compared with UHB irradiation and the sham-irradiated controls (Fig. 1) . Thus LHB irradiation increased the risk factors for cardiac disease in a manner that was quantitatively and qualitatively very similar to that observed after TBI.
INDIRECT RADIATION INJURY TO HEART
Shielding of the Kidneys
Shielding of the kidneys at the time of irradiation prevented increases in the total cholesterol, triglycerides, LDL cholesterol, HDL cholesterol, creatinine and BUN compared with the sham-irradiated controls at intervals from 60-120 days after the start of the study (Fig. 2B) . The positioning of the lead plate to completely shield the kidneys during irradiation was confirmed by X-ray imaging. The positioning of the lead plate did not result in shielding of the liver during irradiation (Fig. 2A) .
Shielding of the Intestines
Further studies were performed to examine the possibility that irradiation of the intestine alone could be responsible for an increase in risk factors for cardiac disease and kidney injury (Fig. 3) . At 90-170 days after irradiation, there was an increase in total cholesterol, HDL cholesterol and BUN in rats that received LHB irradiation with sham surgery (red circle), LHB irradiation with the exteriorized intestines irradiated (green triangle), and LHB irradiation with the exteriorized intestines shielded (blue diamond), compared with the sham-irradiated and sham-surgery group (black square) (Fig. 3) . The direction of change for triglycerides after LHB irradiation reflected the changes in total cholesterol, HDL cholesterol and BUN. However, the large within-group variation for triglycerides resulted in fewer statistically significant changes compared with the sham-irradiated and sham-surgery group. Irradiation of the exteriorized intestines alone with the LHB shielded (red diamond) did not result in an increase in total cholesterol, HDL cholesterol, triglycerides and BUN relative to the sham-irradiated and sham-surgery group (black square) (Fig. 3A) . Irradiation of the LHB with shielding of the exteriorized intestines (blue diamond) resulted in a greater elevation in risk factors for cardiac disease compared with irradiation of the LHB and irradiation of the exteriorized intestines (green triangle).
FIG. 1.
Time-related changes in risk factors for cardiac disease and kidney injury after total and partial body irradiation: total cholesterol, LDL cholesterol, triglycerides and blood urea nitrogen (BUN) after either TBI, LHB irradiation, UHB irradiation or in sham irradiation (controls). Data shown as the means 6 SD (n ¼ 9/group). *P , 0.05, TBI vs. age-matched controls. #P , 0.05, LHB vs. age-matched controls. ÁÁÁ ¼ shamirradiated control; red square ¼ TBI; green circle ¼ LHB; and blue triangle ¼ UHB.
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Anesthesia delayed the LHB irradiation-induced increases in triglycerides, cholesterol and blood urea nitrogen by 30 days compared with sham-treated rats not subjected to irradiation (results not shown). This protective effect of pentobarbital anesthesia has been reported previously (19, 20) . To facilitate comparisons between experimental groups that received anesthesia, an equal amount of anesthesia was administered to all rats. This study showed that irradiation of the intestines alone did not increase risk factors for cardiac disease or kidney injury. However, irradiation of the LHB, with and without shielding of the exteriorized intestines, was associated with increased risk factors for cardiac disease and kidney injury.
Irradiation-Induced Changes in Intestinal Microbiota
Previous research has shown that exposure of the intestine to radiation induces characteristic changes in the intestinal microbiome such as an increase in Proteobacteria (21). To confirm the rats in this study were appropriately exposed to intestinal irradiation and shielding, the abundance of Proteobacteria in the feces of the rats prior to and at 2, 4, 7 and 14 days postirradiation was quantified. At 4 and 7 days post-exposure, there was a characteristic increase in Proteobacteria abundance in all rats except for the LHB irradiation with the exteriorized intestines shielded (blue diamond) and the sham-irradiated and sham-surgery control group (black square) (Fig. 3B) . There was, however, a slight INDIRECT RADIATION INJURY TO HEART 251 increase in Proteobacteria observed in the LHB irradiation with the exteriorized intestines shielded rats (blue diamond) at day 7. This smaller change in the microbiota was attributed to the incomplete shielding of the intestinal tract, i.e., the rectum and the terminal section of the sigmoid colon that could not be exteriorized and shielded. The observed changes in Proteobacteria demonstrated that the experimental setup successfully exposed or shielded the Studies were performed to examine whether TBI, LHB irradiation or UHB irradiation resulted in cardiac disease, as manifest by histological changes, compared with shamirradiated control rats (Fig. 4) . Histological sections were analyzed by a cardiac pathologist blinded to the identity of the specimens (RAK). TBI and LHB irradiation resulted in medial thickening and an increase in peri-arterial sclerosis of penetrating coronary arteries at 120 days after irradiation compared with age-matched sham-irradiated control rats. The affected arteries had luminal narrowing due to the concentric laminar thickening of the vessel walls with the accumulation of amphophilic material in the arterial media and adventitia. The myocytes from the hearts of TBI, UHBand LHB-irradiated rats remained normal in appearance (Fig. 4) . Trichrome staining revealed peri-arterial fibrosis and irregular collagen deposition around the penetrating coronary arteries of TBI and LHB-irradiated rats. Hearts from control rats had penetrating arteries showing no medial fibrosis or accumulation of amphophilic material (Fig. 4) . Histological evidence of injury to the heart's penetrating coronary arteries developed after TBI and LHB irradiation, but not after UHB irradiation compared with shamirradiated controls. Quantitative morphometric analysis to quantify the extent of fibrosis present in the coronary vessels in these four experimental groups confirmed the histopathologic findings of increased fibrosis in the groups receiving TBI and LHB irradiation compared with shamirradiated controls (Fig. 5) .
Liver Histology
To determine whether total or partial body irradiation resulted in liver injury 120 days after the start of the study, liver sections were analyzed blindly by the pathologist (RAK). There was no histological evidence of necrosis or inflammation in any groups (Fig. 6 ).
Cardiac Mechanical Function
To determine whether TBI, UHB irradiation or LHB irradiation results in mechanical injury to the heart, global radial and circumferential strain was measured using 2D echocardiography in rats in vivo. At 120 days after TBI, hearts showed a significant decrease in global radial strain and circumferential strain compared with age-matched sham-irradiated controls (Fig. 7) . LHB irradiation also reduced the global radial strain and circumferential strain compared with age-matched controls (Fig. 7) . UHB irradiation had no significant effect on these mechanical functions compared with age-matched sham-irradiated control rats.
DISCUSSION
The results of the present study demonstrate that injury to the heart after TBI exposure to 10 Gy, a dose relevant to FIG. 4 . Morphological changes for heart after total and partial body irradiation. Sections of heart stained with H&E (panel A) and trichrome (panel B) showing increased peri-arterial fibrosis in a small caliber coronary vessel 120 days after TBI and LHB irradiation with 10 Gy, compared with a comparable vessel in an age-matched UHB irradiated rat and a sham-irradiated control.
INDIRECT RADIATION INJURY TO HEART potential radiological terrorism, has an indirect action, with effects on abdominal organs being responsible for exporting factors that produce injury to the coronary vasculature. These findings suggest a new research paradigm whereby radiation-induced injury to the heart is indirect (22) . Shielding of the kidneys during irradiation prevented the increase in risk factors for cardiac disease and also kidney injury, indicating the importance of this organ in the mechanisms that underlie radiation-induced cardiac disease. Shielding the intestines during irradiation did not prevent increases in these risk factors for cardiac disease. These findings suggest that countermeasures that target injury in abdominal organs, including the liver and kidney, could be effective in decreasing late irradiation-induced injury to the heart. The findings of the present study support the notion that radiation-induced renal dysfunction is an important component leading to cardiac disease and cardiac injury (23) .
The dose of 10 Gy used in the current study is lower than those used in previous studies of radiation-induced cardiac injury. Cardiac radiation exposure at doses greater than 15 Gy in animals results in injury that includes myocardial fibrosis and a decreased density of the smaller diameter coronary vessels (24) (25) (26) (27) . Cardiac exposure to 15 Gy or more in children also increases the risk of adverse cardiac outcomes, including congestive heart failure, myocardial infarction, pericardial disease and vascular abnormalities as long as 30 years after therapy (1) . Clinical studies in older patients suggest that radiation exposure at doses below 20 Gy can result in heart disease (28) . The present study using UHB irradiation confirms a previous finding that direct exposure of the heart to 10 Gy (6) does not result in adverse cardiac outcomes. However, LHB irradiation with 10 Gy did result in adverse cardiac events, suggesting that radiation-induced injury to the heart can be both direct and indirect with the dose received being critical in determining the underlying mode of injury. Thus injury to the heart from radiation exposure to 10 Gy, in contrast with a higher dose (.15 Gy), appears to be mainly indirect with effects in nonthoracic organs causing (or exacerbating) increased risk factors for cardiac disease and ventricular dysfunction.
TBI and LHB irradiation resulted in decreased myocardial strain (Fig. 7) . Myocardial strain is a direct measure of regional myocardial function as it represents myocardial deformation during systole (with radial strain representing percentage change in myocardial segment deformation towards the left ventricle center on short axis view). It has been shown to be more sensitive method for detecting early myocardial dysfunction than traditional measures of cardiac function such as fractional shortening or reduced left ventricular ejection fraction in various forms of cardiomyopathy such as: doxorubicin cardiomyopathy (29); transplant cardiomyopathy (30) ; remote injury in ischemic cardiomyopathy (31) ; as well as in detection of residual myocardial viability after ischemic injury (17, 32) . Impairment in myocardial strain occurs early in cardiac injury from various causes; therefore it is a nonspecific change as far as underlying etiology is concerned.
The arterial changes and changes in cardiac risk factors are also associational and the exact cause of the arterial changes is not known. However, while it is possible that decreased density of smaller caliber coronary vessels results in chronic hypoxia may induce ischemic changes (33) that result in reduced strain after TBI or LHB irradiation, increased collagen deposition after irradiation may also induce stiffness of the coronary vessels and contribute to decreased myocardial strain.
The kidney is known to be a highly radiosensitive organ, susceptible to the development of nephropathy, proteinuria and hypertension after irradiation (34) . Recently, renal dysfunction has been proposed as part of the mechanism causing increased cardiac disease after TBI (10) and in the atomic bomb survivors (23) . The present study clearly demonstrates in animals, the effectiveness of kidney shielding during irradiation to prevent increases in the risk factors for cardiac disease and further supports the notion that radiation-induced injury to the heart is indirect.
Other than radiation-induced injury to the bone marrow, the intestine is the organ radioresponsive to moderate doses of radiation. The present study demonstrates that irradiation of the intestines per se had no effect on total cholesterol levels ( Fig. 3) indicating that effects to the intestines were not responsible for radiation-induced increases in the risk factors for cardiac disease. The finding of irradiationinduced increases in abundance of Proteobacteria confirm and extend the recent discovery that specific intestinal microbiota present in the feces can be used as biomarkers of FIG. 7 . Changes in global radial and circumferential strain, a measure of ventricular function, at 120 days after TBI, LHB irradiation and UHB irradiation with 10 Gy, compared with age-matched sham-irradiated control. Data shown as means 6 SD, n ¼ 5/group. *P , 0.05 vs. age-matched sham-irradiated control.
INDIRECT RADIATION INJURY TO HEART radiation exposure. Maximal changes were observed 4 days after irradiation and was a 100-fold increase in Proteobacteria. Some advantages of using intestinal microbiota as biomarkers of prior radiation exposure are: this biodosimetry technique is noninvasive, the level of the reporting signals change by several orders of magnitude, and intestinal microbiota unaffected by radiation can serve as internal controls (21) .
The liver was not histologically affected at 120 days after 10 Gy, confirming previous reports in rat (35) . In a previous study, that used the same experimental design, serum alanine transaminase activity was decreased by 21% at 100-120 days after 10 Gy total body irradiation, while aspartate transaminase activity was decreased by 15% at 40-60 days after total body irradiation (6) . Based on the evaluation of alanine transaminase and aspartate transaminase activity levels as biomarkers of hepatocyte health, liver function remained fairly stable after irradiation. The liver is responsible for cholesterol synthesis and increased cholesterol levels are a known risk factor for cardiac disease. Cholesterol can be obtained from the diet or it can be synthesized de novo. As the level of cholesterol in the rats' diet is constant, the elevation in blood cholesterol after irradiation likely results from increased uptake from the gut, increased synthesis or decreased clearance of cholesterol from the circulation. All animal cells manufacture cholesterol with relative production rates varying by cell type and organ function. While, the liver and intestines are the primary sources of cholesterol production; other sites of synthesis include the adrenal glands and the skin.
This study has shown that organs within the LHB are responsible for increases in risk factors for cardiac disease as well as for cardiac injury after 10 Gy of irradiation. Thus pharmaceuticals that decrease injury in LHB organs such as the kidney and liver through multiple mechanisms may be developed as medical countermeasures against radiationinduced injury to the heart. There is an immediate need for practical therapies to mitigate radiation injury to the heart after a radiologic terrorist associated event or nuclear plant accident (7) . In the scenario of a radiation/nuclear incident, pretreatment of individuals prior to radiation exposure is not possible. Therefore, a medical countermeasure will need to be effective when administered after radiation exposure.
In normal humans and rats, an intricate balance is maintained between the biosynthesis, utilization and the transport of cholesterol, keeping its harmful deposition to a minimum. Exposure to ionizing radiation appears to uncouple this balance, resulting in a late sustained elevation of total cholesterol, LDL-cholesterol as well as triglycerides. However, the increase in risk factors for cardiac disease and damage to the heart resulting from exposure to ionizing radiation may not be solely attributed to increased synthesis of cholesterol by organs such as the liver. Shielding of the kidney effectively prevented the increases in total cholesterol, LDL cholesterol and triglycerides after irradiation.
Radiation nephropathy may be one component responsible for elevated circulating cholesterol levels because of the associated proteinuria that adversely affects hepatic lipoprotein synthesis. Further studies are needed to understand whether synthesis, metabolism or transport of cholesterol are responsible for the observed increases in cholesterol levels in the circulation after irradiation, or whether cholesterol clearance from the circulation is decreased. The blood borne component(s) affected by ionizing irradiation that damage the heart need to be identified so that strategies can be developed to mitigate its damaging effect.
Although this study showed that TBI and LHB irradiation, but not UHB irradiation were associated with worsened lipid profile and deterioration of cardiac function and structure, the exact mechanisms by which cardiac dysfunction occurs remain to be further studied. It is possible that increases in traditional cardiac risk factors such as hyperlipidemia, in addition to other yet to be determined nontraditional blood factors, may be contributing to radiation-induced cardiomyopathy. Although the present findings indicate radiation injury to the heart is indirect, it is possible that the direct effects from 10 Gy of irradiation may occur at later times. However, there was no indication from the upper hemi-body irradiation studies that this is present in the first 120 days.
The findings of the current study may be relevant to the increased risk of developing degenerative cardiac disease from exposure to space radiation. During exploratory missions to the Moon and Mars, astronauts will be continuously exposed to penetrating ions and energetic protons in galactic cosmic rays (GCRs), and to intense periods of lower energy proton irradiation during solar storms (SPEs). The composition, energy and biological effects of GCRs and SPEs are different than for X rays. NASA has established lifetime radiation exposure limits for heart disease to minimize or prevent risks of degenerative changes in the heart and vasculature. Dose limits for the heart are based on direct irradiation of the heart and adjacent arteries (36) . The present study shows irradiation of the lower hemi body, especially the kidneys, with 10 Gy of X rays increases the risk factors for, and the occurrence of, cardiac disease in rats. Irradiation of the upper hemi body with 10 Gy of X rays had no effect on cardiac disease. These findings suggest a new noncardiac source of risk for cardiac disease after exposure to ionizing radiation that may contribute to the overall mortality risks.
Conclusion
Injury to the immature rat heart after exposure to a TBI dose of 10 Gy is indirect with abdominal organs being responsible for exporting factors that affect the coronary vasculature and results in the development of cardiac disease.
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